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ABSTRACT Hereditary hemochromatosis (HH) is a com-
mon autosomal recessive disorder characterized by tissue iron
deposition secondary to excessive dietary iron absorption. We
recently reported that HFE, the protein defective in HH, was
physically associated with the transferrin receptor (TfR) in
duodenal crypt cells and proposed that mutations in HFE
attenuate the uptake of transferrin-bound iron from plasma
by duodenal crypt cells, leading to up-regulation of transport-
ers for dietary iron. Here, we tested the hypothesis that
HFE~/~ mice have increased duodenal expression of the
divalent metal transporter (DMT1). By 4 weeks of age, the
HFE~/~ mice demonstrated iron loading when compared with
HFE*/* littermates, with elevated transferrin saturations
(68.4% vs. 49.8%) and elevated liver iron concentrations (985
png/g vs. 381 pg/g). By using Northern blot analyses, we
quantitated duodenal expression of both classes of DMT1
transcripts: one containing an iron responsive element (IRE),
called DMT1(IRE), and one containing no IRE, called
DMT1(non-IRE). The positive control for DMT1 up-
regulation was a murine model of dietary iron deficiency that
demonstrated greatly increased levels of duodenal
DMT1(IRE) mRNA. HFE~/~ mice also demonstrated an
increase in duodenal DMT1(IRE) mRNA (average 7.7-fold),
despite their elevated transferrin saturation and hepatic iron
content. Duodenal expression of DMT1(non-IRE) was not
increased, nor was hepatic expression of DMT1 increased.
These data support the model for HH in which HFE mutations
lead to inappropriately low crypt cell iron, with resultant
stabilization of DMT1(IRE) mRNA, up-regulation of DMT1,
and increased absorption of dietary iron.

Hereditary hemochromatosis (HH) is a common disorder of
iron homeostasis in which the intestinal absorption of iron is
excessive in relation to body iron status (1-5). The excess iron
is deposited in the parenchyma of many tissues, leading to
tissue damage and organ failure. Clinical consequences in-
clude liver cirrhosis, hepatocellular carcinoma, diabetes, heart
failure, arthritis, and hypogonadism (6-9). The gene defective
in HH, designated HFE, was found to encode a major histo-
compatibility complex (MHC) class I-like integral membrane
protein (10) that had no obvious relationship to iron absorp-
tion. A link between HFE and iron metabolism was provided
by the observations in human placenta that the HFE protein
is localized on the apical surface of syncytiotrophoblast cells
(the site of transferrin-mediated maternal-fetal iron trans-
port) and is physically associated with the transferrin receptor
(TfR) (11). Physical association between TfR and expressed

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.

3143

recombinant HFE protein was also reported in cultured cells
(12, 13) and in vitro (14). In cell culture, overexpressed
recombinant HFE (but not HFE carrying the HH mutation)
was reported to reduce the affinity of TfR for holotransferrin,
suggesting a role for normal HFE in down-regulating trans-
ferrin-mediated iron uptake. Although loss of this down-
regulation of transferrin-mediated iron transport might ex-
plain the excess deposition of tissue iron in HH patients, it
would not explain the excess absorption of dietary iron (15).
Studies on HH patients suggest that the primary defect is loss
of the normal feedback mechanisms regulating absorption of
dietary (nontransferrin-bound) iron across the intestinal mu-
cosa (2-5).

Dietary iron absorption is normally tightly linked with body
utilization through the sensing of body iron status in the
proximal small intestine (16, 17). Several lines of evidence
indicate that the body iron status is detected by the uptake of
transferrin-bound iron from plasma at the basolateral surface
of intestinal crypt cells (18, 19). We recently demonstrated that
HFE colocalizes with and is physically associated with TfR in
these cells (1). This observation suggests a mechanism by
which HFE might participate in sensing body iron status by
modulating transferrin-mediated uptake of plasma iron in the
crypt cells. We propose that mutations of HFE in HH patients
impair transferrin-mediated iron uptake and thus decrease
crypt cell uptake of plasma iron. The resulting low intracellular
iron pool would in turn lead to increased dietary iron absorp-
tion by daughter enterocytes. The increased absorption of
dietary iron seen in response to iron deficiency has been
attributed to duodenal up-regulation of the divalent metal ion
transporter (DMT1) (20). We thus predicted that a relatively
low intracellular iron pool in duodenal crypt cells in HH would
likewise increase duodenal expression of DMT1, despite the
deposition of iron in other tissues. To test this prediction, we
utilized a murine model of HH in which the HFE gene has been
disrupted by targeted recombination (21) and quantified ex-
pression of DMT1 mRNA in duodenal tissue. The results
presented here show that the HFE~/~ mice, despite elevated
serum transferrin saturation and hepatic iron loading, have
increased duodenal expression of DMT1 transcripts contain-
ing an iron responsive element (IRE).

Abbreviations: HH, hereditary hemochromatosis; TfR, transferrin
receptor; HFE, the protein defective in hereditary hemochromatosis;
DMT]I, divalent metal ion transporter (previously referred to as
Nramp2 and DCT1, divalent cation transporter); IRE, iron responsive
element; MHC, major histocompatibility complex; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase; IRP, iron regulatory protein.
To whom reprint requests should be addressed at: Edward A. Doisy
Department of Biochemistry and Molecular Biology, Saint Louis
University School of Medicine, 1402 South Grand Boulevard, St.
Louis, MO 63104. e-mail: slyws@wpogate.slu.edu.
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MATERIALS AND METHODS

Animals. F; generation mice heterozygous for a targeted
disruption of the HFE gene (21) were mated to produce F»
generation littermates homozygous for the wild-type (+/+)
and mutant (—/—) HFE genes. Mice were weaned at 3 weeks
and maintained thereafter on a standard diet [LM-485 Teklad
sterilized mouse diet 7012, Harlan, which contains 0.02%
(wt/wt) iron]. Fifteen HFE** mice and 15 HFE~/~ litter-
mates (representing four total litters) were analyzed at 4 weeks
of age. Animals were fasted for 14 h before blood sampling.
After blood was obtained, the mice were sacrificed and liver
tissue and duodenum (the 1.5-cm length of small intestine
distal to the pylorus) were dissected for RNA isolation.

To study the effect of dietary iron deprivation on DMT1
expression in mice, duodenal tissue was obtained from adult
mice with iron deficiency anemia secondary to stomach pari-
etal cell ablation [H* /K*-ATPase $ subunit (—1035 to +24)/
DT-A] (22). In these experiments, nontransgenic FVB/N
littermates with normal iron status were used as controls.

Genotyping. PCR analysis of tail DNA was used to identify
mice with the disrupted HFE allele. A 10-mm piece of tail was
cut from each mouse and placed into 700 ul of tail digestion
mix (50 mM Tris, pH 8/100 mM EDTA/100 mM NaCl/1%
SDS). Proteinase K (250 ng) was added, and the samples were
incubated at 55°C overnight. The samples were extracted with
700 pl of phenol/chloroform, and the aqueous phase was
precipitated with isopropanol. DNA (200 ng) was utilized in 50
wl reactions which included three primers: 100 pmol of primer
Ul (GACCAGAGGACCTGGGCAGACAGTGCTGAA), 5
pmol of primer U2 (TCCCCTACCCGGTAGAATTAATTC-
GATATC), and 50 pmol of primer D (GAGCAGAC-
TACTCTCTCACTGCAAAGGTGA). Amplification was
performed for 35 cycles of denaturing at 94°C for 45 s,
annealing at 65°C for 30 s, and polymerizing at 72°C for 45 s.
The PCR conditions were determined empirically to allow
primers Ul and D to anneal with the wild-type (+) allele and
amplify a 651-bp DNA fragment, and to allow primers U2
and D to anneal with the disrupted allele (=) and amplify a
251-bp DNA fragment. If both wild-type and disrupted
alleles are present, the 651-bp and 251-bp DNA fragments
are both amplified. This method of genotyping was found to
give the same results as the Southern blot method previously
reported (21).

Northern Blot Analyses. Total cellular RNA was isolated
from tissues of HFE™* and HFE~/~ mice by using a guani-
dinium/phenol solution (RNA-Stat60, Tel-Test, Friendwood,
TX), and passed over an oligo(dT) cellulose column (Poly(A)
Quik, Stratagene). Three micrograms of poly(A)* RNA from
each sample was electrophoresed in 1% agarose and 2.2 M
formaldehyde gels. Transcript sizes were estimated by using
RNA standards (Promega). The RNA was transferred to
Nytran membranes (Schleicher & Schuell) and immobilized by
UV cross-linking. Blots were prehybridized, then hybridized
with 32P-labeled RNA probes for murine DMT1. The template
for the DMT1(total) probe consisted of nt 1323-1604 of the
published murine cDNA (23), corresponding to coding se-
quences shared by the two classes of DMT1 transcripts:
DMTI1(IRE) which contain a canonical IRE in the 3’ untrans-
lated region, and DMT1(non-IRE) which do not. Blots were
prehybridized for 1 h and hybridized overnight at 65°C in 50%
formamide, 5X SSPE, 5X Denhardt’s solution, 50 mM NaPOy,
(pH 6.5), 200 pg/ml salmon sperm DNA, 1 mM EDTA, and
0.1% SDS. The blots were washed in 2X SSPE at room
temperature (RT) for 20 min, 0.2X SSPE at RT for 20 min,
twice in 0.2X SSPE/0.1% SDS at 65°C for 20 min, and
subjected to autoradiography and phosphorimagery. Addi-
tional blots were hybridized with 3P end-labeled oligonucle-
otide probes specific for murine DMT1(IRE) or DMT1(non-
IRE) transcripts. The oligonucleotide probe for DMT1(IRE)
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consisted of nucleotides 1821-1881 of GenBank accession no.
AF029758. The oligonucleotide probe for DMT1(non-IRE)
consisted of nt 1768-1828 of the published murine cDNA
sequence (23). Blots were prehybridized for 1 h and hybridized
overnight at 42°C in 40% formamide, 5X SSPE, 5X Denhardt’s
solution, 0.05% sodium pyrophosphate, and 0.1 mg/ml yeast
tRNA. The blots were washed in 6X SSPE for 15 min at RT
twice, at 50°C for 1 min, and subjected to autoradiography and
phosphorimagery. All blots were subsequently rehybridized
with a 3?P-labeled RNA probe for the rat glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) transcript (24). Autora-
diography and phosphorimagery were again performed and
signal intensities quantified by using IMAGEQUANT software
(Molecular Dynamics). Values obtained for DMT1 transcripts
were normalized to those obtained for GAPDH.

Measurement of Hepatic Iron Concentration. Liver tissue
from the HFE*/* and HFE~/~ littermates were analyzed for
nonheme iron as described by Torrance and Bothwell (25), and
the values were expressed as micromoles iron per gram dry
weight. Tissue samples were weighed dry and digested in 3 M
HCI, 10% tricholoroacetic acid at 65°C for 20 h. A total of 400
wl of each acid extract was mixed with 1.6 ml of bathophenan-
throline chromagen reagent. The absorbance at 535 nm was
measured in a DU-65 spectrophotometer (Beckman). Liver
iron distribution was determined by light microscopic exami-
nation of formalin-fixed tissue sections stained with Perls’
Prussian blue.

Measurement of Serum Transferrin Saturation. Blood was
obtained by cardiac puncture. Serum iron and total iron
binding capacity (TIBC) were measured by using the protocol
of Fielding (26). Transferrin saturation was calculated as:
(serum iron + TIBC) X 100%.

Statistical Analysis. Values are expressed as mean = SEM.
Differences between means were determined by using Stu-
dent’s ¢ test, with Welch’s correction for unequal variance.

RESULTS

HFE~/~ Mice Demonstrate Elevated Transferrin Satura-
tions and Excessive Liver Iron Accumulation by 4 Weeks of
Age. We had previously shown that serum transferrin is
completely saturated in the HFE~/~ mice by 10 weeks of age
(21). To minimize potential down-regulatory effects of iron
loading on dietary iron absorption (2, 4, 5), we analyzed the
iron status of the HFE ™/~ animals at earlier ages. Fig. 14 shows
that at 4 weeks of age serum transferrin was already more
highly saturated in HFE~/~ mice than in HFE*/* littermate
controls (68.4 * 1.8% vs. 49.8 = 4.3%), though still incom-
pletely saturated. In addition, liver iron concentrations at this
time point were significantly higher in the HFE™/~ mice than
the HFE™* controls (985 = 171 vs. 381 = 42 ug/g, Fig. 1B).
As was reported for 10-week-old HFE~/~ mice [with liver iron
concentrations of 2,071 * 450 pg/g (21)], the deposition of
liver iron in the 4-week-old HFE™/~ mice was predominantly
in hepatocytes and demonstrated the typical zonal gradient
distribution seen in patients with HH (not shown). These
results indicated that the HFE™/~ mice at 4 weeks of age are
undergoing progressive iron loading despite incomplete trans-
ferrin saturation, a situation probably analogous to that in
presymptomatic HH (27, 28). Thus, this time point was chosen
for studies of duodenal expression of DMT1 in the HFE™/~
mice.

Iron-Deficient Mice Have Markedly Increased Duodenal
Expression of DMT1(IRE) Transcripts. We hypothesized that,
despite the elevated iron status of the HFE~/~ mice, the iron
pool in the duodenal crypt cells would be inappropriately low
and thus expected to lead to increased duodenal expression of
DMT1. Before testing this hypothesis, we first characterized
the regulation of DMT1 expression in mice under conditions
of iron deprivation, where regulation of DMT1 has been well
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F1G. 1. Serum transferrin saturations and hepatic iron concentra-
tions and in the HFE™/~ mice and HFE*/™ littermates. At 4 weeks of
age the mice were sacrificed, and blood and liver specimens were
obtained. (4) Serum total iron binding capacities and iron concen-
trations were measured. Transferrin saturations were calculated and
expressed as mean = SEM. #, P < 0.001. (B) Liver nonheme iron
concentrations (micrograms of iron per gram dry liver) were measured
and expressed as mean * SEM. #x, P < 0.005.

characterized in the rat (20). For these studies we utilized a
transgenic murine model of dietary iron deficiency. Mice with
targeted ablation of gastric parietal cells fail to produce the
gastric acid necessary for efficient absorption of dietary iron
and develop iron deficiency anemia (ref. 22, and Jeffrey
Gordon, personal communication). We used Northern blot
analyses to compare the duodenal expression of DMTI in
these animals with duodenal expression of DMT1 in nontrans-
genic littermates.

Alternative splicing of the DMT1 gene produces two distinct
classes of DMT1 transcripts, which differ in nucleotide se-
quences encoding the amino acids at the C terminus and the
3’ untranslated region (23, 29, 30). One class, designated
DMTI1(IRE), includes an IRE in the 3’ untranslated region;
the other class, designated DMT1(non-IRE), does not. We
first quantified total DMT1 expression, which includes both
DMTI(IRE) and DMT1(non-IRE) transcripts, by using a
cDNA probe template containing coding sequence common to
both classes. As seen in Fig. 2, a marked increase in total
DMT1 transcripts was found in the transgenic iron-deficient
mice over that seen in the nontransgenic littermates (~50-fold
increase for the 4.4-kb predominant transcript). We also used
oligonucleotide probes specific to each of the DMT1 transcript
classes on duplicate Northern blots, and found an increase only
in the DMTI1(IRE) transcripts. No increase in duodenal
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Fic. 2. RNA blot analyses of DMT1 expression in duodenum of
iron-deficient mice. Three micrograms of poly(A)* RNA from duo-
denum of a nontransgenic FVB/N control (C, lanes 1, 3, 5) and a
transgenic H*/K*-ATPase B subunit (—1035 to +24)/DT-A iron-
deficient littermate (DT-A, lanes 2, 4, 6) were electrophoresed in
triplicate and blotted. Lanes 1 and 2 were hybridized with a 3?P-labeled
coding-sequence probe [DMT1(total)] to detect all DMT1 transcripts.
Lanes 3 and 4 were hybridized with an oligonucleotide probe
[DMT1(IRE)] specific to DMT1 transcripts with an IRE, and lanes 5
and 6 were hybridized with an oligonucleotide probe [DMT1(non-
IRE)] specific to the DMT1 splice-variant transcripts without an IRE.
Blots were exposed to film for 8 h with an intensifying screen and
rehybridized with a probe for GAPDH. Positions of RNA size markers
are on the left.

DMT1(non-IRE) expression was observed in the iron-
deficient mice.

HFE~/~ Mice Demonstrate Increased Duodenal Expression
of DMT1(IRE) Transcripts. We next tested our hypothesis
that the mRNA content for DMT1 would be increased in the
HFE~/~ mice relative to controls. In these experiments we
used the 4-week-old HFE ™/~ mice and HFE*/* littermates and
compared the signal intensities for DMTI1 transcripts by
Northern blot analyses of duodenal RNA. We again used
probes that allowed comparison of total DMT1 expression and
of DMTI(IRE) and DMT1(non-IRE) individually. Two
points are evident from Fig. 3: (i) total expression of DMT1
was indeed higher in the HFE™/~ mice (lanes 1 and 2), and (if)
the increase in DMT1 expression was entirely attributable to
an increase in DMT1(IRE) (lanes 3 and 4); no increase in
expression of DMT1(non-IRE) transcripts was seen (lanes 5
and 6). The signal obtained from the predominant 4.4-kb
DMT1 transcript in mRNA from each of 14 HFE~/~ mice and
11 wild-type littermates was quantified and normalized to
GAPDH mRNA expression. The level of duodenal expression
of this transcript was increased 7.7-fold (on average) in the
HFE~/~ mice relative to HFE™/* littermates (Fig. 4). Thus,
despite elevated serum iron saturation and liver iron content
in HFE™/~ mice, the expression of duodenal DMT1(IRE)
transcripts is up-regulated.

Hepatic Expression of DMT1 Is Not Increased in HFE~/~
Mice. The observation that only DMT1 transcripts which
include the IRE were increased in the HFE~/~ mice supports
our hypothesis that the regulatory iron pool in duodenal
enterocytes is low in HFE™~ mice. In iron deficiency also, the
low enterocyte iron pool leads to the increased duodenal
DMTI1(IRE) expression (Fig. 2). However, in this setting, the
systemic iron deficiency leads to increased DMT1 expression
in multiple tissues in addition to duodenum (20). By contrast,
in the HFE™/~ mice there is systemic iron excess and iron
loading of many tissues, particularly liver. We demonstrated
here that the HFE™/~ mice at 4 weeks of age already have an
increased liver iron content (Fig. 1B). It was thus of interest to



3146 Medical Sciences: Fleming et al.

DMT1(total DMT1(IRE) DMT1(non-IRE)

++ - ++ /- ++ -
6583 - : ]
4981 - . '
3638 -

. e v

2604 - ‘% " o
1908 - q B *
1383 -

GAPDH- R BB Rl . .

1 2 3 4 5 6

Fi1G. 3. RNA blot analysis of DMT1 expression in duodenum of
HFE*/* and HFE~/~ mice. Poly(A)* RNA (3 ug, lanes 1-4; 10 pg,
lanes 5-6) from duodenum of a 4-week-old HFE*/* mouse (lanes 1,
3, and 5) and a HFE/~ littermate (lanes 2, 4, and 6) were electro-
phoresed in triplicate and blotted. Lanes 1 and 2 were hybridized with
a 32P-labeled coding-sequence probe [DMTl(total)] to detect all
DMT1 transcripts. Lanes 3 and 4 were hybridized with an oligonu-
cleotide probe [DMT1(IRE)] specific to DMT1 transcripts with an
IRE, and lanes 5 and 6 were hybridized with an oligonucleotide probe
[DMT1(non-IRE)] specific to the DMT1 splice-variant transcripts
without an IRE. Blots were exposed to film for 18 h (lanes 1-4) or 48 h
(lanes 5 and 6) with an intensifying screen, and rehybridized with a
probe for GAPDH. Positions of RNA size markers are on the left.

examine the level of DMT1 expression in liver. To do this,
RNA blot analyses were performed on pooled poly(A)" RNA
from five HFE™/~ mice and five HFE*/* controls. The blots
were hybridized with the DMT1(total) probe to examine all
DMT1 transcripts. As seen in Fig. 5, no increase in DMT1
expression was seen in the pool of poly(A)* from liver.
Northern blots hybridized with oligonucleotide probes specific
for DMTI(IRE) and DMT1(non-IRE) gave similar results
(datanot shown). On the other hand, the signal for total DMT1
transcripts in the pooled poly(A)* RNA samples from duo-
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FiG. 4. Quantification of duodenal DMT1 expression in HFE*/*
and HFE~/~ mice. RNA blot analyses were performed on poly(A)*
RNA from duodenum of 11 4-week-old HFE™/* mice and 14 HFE~/~
littermates by using the DMT1(total) probe. Signals obtained from
predominant 4.4-kb transcript were quantified by phosphorimagery
and normalized to that obtained by rehybridizing the blots with a probe
for GAPDH. Data are presented as mean = SEM and expressed
relative to the mean value obtained from the HFE+/* mice. *, P = 0.01.
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F1G. 5. RNA blot analysis of hepatic and duodenal expression of
DMT1 in HFE*/* and HFE~/~ mice. Pooled poly(A)* RNA (3 ug)
from liver (lanes 1 and 2) or duodenum (lanes 3 and4) of five
4-week-old HFE*/* mice and five HFE~/~ littermates was electro-
phoresed, blotted, and hybridized with the DMT1(total) probe. The
blot was exposed to film for 18 h with an intensifying screen and
rehybridized with a probe for GAPDH.

denum of the same HFE ™/~ mice was elevated. These obser-
vations are consistent with the postulate that the increased
expression of DMT1(IRE) transcripts is restricted to duode-
num, where dietary iron absorption is regulated, and is not a
manifestation of a generalized up-regulation of DMT1 in
HFE~/~ mice.

DISCUSSION

The observation that DMT1 expression in the duodenum of
the HFE~/~ mice is increased provides a mechanism for the
increased absorption of iron in HH, and supports the hypoth-
esis that the regulatory iron pool of the duodenal enterocytes
in HH is low. Studies on the duodenal expression of other
iron-regulated proteins in patients with HH also support this
hypothesis. Ferritin expression is decreased in the enterocytes
of duodenal biopsy specimens of HH patients compared with
controls, although increased in liver (31, 32). Likewise, TfR
expression in the duodenum of HH patients does not demon-
strate the down-regulation seen in the liver (33, 34). The
mRNA transcripts encoding DMT1(IRE), ferritin, and TfR
each include one or more IRE element(s) (35). Binding of iron
regulatory proteins (IRPs) to these IREs increases as the
cellular regulatory iron pool decreases. In both TfR and DMT1
transcripts the IREs are found in the 3’ untranslated region,
where IRP binding leads to increased transcript stability and
protein expression. The stabilization of DMT1(IRE) tran-
scripts presumably accounts for the dramatic increase in
steady-state duodenal DMT1 mRNA content seen in iron
deficiency (Fig. 2). IRP binding activity has been investigated
in duodenal biopsies of human patients with HH. Flanagan et
al. (36) reported that, despite systemic iron loading, IRP
binding activities from HH patients were similar to those from
controls. Pietrangelo et al. (37) reported that duodenal IRP
activities were consistently higher in HH patients than con-
trols. Thus, most of the data suggest that the iron regulatory
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pool in enterocytes of HH patients is low, especially in relation
to the body iron status.

The studies reported here support the hypothesis that
impaired uptake of transferrin-bound iron by duodenal crypt
cells (and the resulting inappropriately low crypt cell iron
content) lead to dysregulation of DMT1 in the murine model
of HH. It was recently shown that expressed recombinant
DMT1 protein transports not only iron but other divalent
metals, including cobalt, manganese, and lead (20). Earlier
studies on patients with HH demonstrated increased intestinal
absorption of cobalt (38), increased hepatic concentrations of
manganese (39), and increased serum levels of lead (40),
observations that are consistent with up-regulation of intesti-
nal DMT1. Increased absorption of these divalent metal ions
has also been shown in iron deficiency (41, 42), where up-
regulation of DMT1 has been documented in the rat (20) and
in the mouse (this report).

Although we attribute the proposed paradoxically low reg-
ulatory iron pool in duodenal crypt cells in patients with HH
to decreased uptake of transferrin-bound iron by crypt en-
terocytes, an alternate explanation for the low regulatory iron
pool was proposed by McClaren et al. (4). They reported an
increased rate constant for transfer of mucosal iron to plasma
in HH patients (4), and inferred that the primary defect in HH
is enhanced transfer of dietary iron from absorptive cell to
plasma at the basolateral surface. However, studies of the
biology of the HFE protein which is defective in HH suggest
that impaired uptake of transferrin-bound iron by crypt cells
is a more likely primary defect. First, the HFE protein in
duodenum is expressed predominantly in crypt cells (43),
where intestinal uptake of transferrin-bound iron from plasma
occurs. Second, the HFE protein colocalizes with the TfR and
is physically associated with the TfR in crypt enterocytes (1).
Third, there is very little HFE expressed in villus enterocytes
(1, 43) where nonionic dietary iron is absorbed and transferred
to plasma. Because the TfR is known to mediate the uptake of
transferrin-bound iron and has never been reported to mediate
transfer of intracellular iron to plasma, it seems most likely that
the mutations which disrupt the function of HFE in HH impair
its role in modulating transferrin-bound iron uptake. However,
it is possible that an enhanced transfer of absorbed iron to
plasma in the absorptive villus enterocytes is a secondary
regulatory consequence of the reduced iron uptake into crypt
enterocytes in the same way that the increased absorption
follows the up-regulation of DMTT1. If true, one would expect
an up-regulation of the yet-to-be identified basolateral mem-
brane transporter like that seen for DMT1.

Several observations suggest that the regulatory iron pool is
also low in monocytes and macrophages of HH patients.
Monocytes, like duodenal crypt cells, express both TfR and
HFE (44). RNA bandshift assays showed a significant increase
in IRP activity in monocytes of HH patients compared with
controls (45). IRP activity was also increased in cultured
monocyte-derived macrophages from these HH subjects, but
was modulated normally by manipulation of iron levels. Fur-
thermore, many studies of patients with HH have reported that
reticulo-endothelial cells are relatively spared from iron load-
ing until late in the disease [reviewed by McLaren (46)]. In the
HFE~/~ mice also, spleens were found to be relatively resistant
to dietary iron loading, possibly reflecting decreased uptake of
transferrin-bound iron by the HFE™/~ splenic macrophages
(21). These observations suggest that HFE mutations may
interfere with uptake of transferrin-bound plasma iron by
monocytes and macrophages in addition to crypt cells.

Finally, these studies further characterize the phenotype of
the HFE~/~ mouse by demonstrating iron loading of liver at an
early age, when serum transferrin is elevated but incompletely
saturated. These observations are in agreement with reports in
human patients diagnosed early in life (27, 28) and suggest that
hepatic iron loading in HH does not require an increase in
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plasma free (nontransferrin-bound) iron. We propose that the
HFE~/~ mouse at this age provides a model of presymptomatic
human HH that should be a useful tool for testing additional
hypotheses related to the molecular pathogenesis of HH.
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